INTRODUCTION
Nitrate has two functions in plants; it serves as a nutrient and as a signal.
Plants undergo many physiological and developmental changes when they are exposed to nitrate. One of the fastest responses is reprogramming of the plant transcriptome. When plants are exposed to nitrate, genes in the nitrate assimilation pathway (NRT, NIA, NiR) are induced within minutes (Wang et al., 2003; Scheible et al., 2004; Wang et al., 2007) . Other genes, which are involved in carbon and energy metabolism that support nitrate assimilation, are also rapidly induced (Stitt, 1999; Wang et al., 2000; Stitt et al., 2002; Wang et al., 2003; Scheible et al., 2004; Wang et al., 2004; Fritz et al., 2006) .
Transcriptome analyses have shown that over 1500 genes are rapidly induced or repressed by nitrate and that the processes of pentose phosphate oxidation, glycolysis, trehalose synthesis, nitrogen and amino acid metabolism are most affected (Wang et al., 2003; Scheible et al., 2004; Wang et al., 2004; Gutierrez et al., 2007; Wang et al., 2007) . These rapid transcriptome responses provide the basis for the longer-term responses that direct root growth, development and architecture, root to shoot ratios and germination rates (Forde, 2002; Alboresi et al., 2005; Filleur et al., 2005; Forde and Walch-Liu, 2009 ).
Even though nitrate responses have been reported for plants for over forty years, the first biochemical response being reported in 1957 (Tang and Wu, 1957) , the regulatory genes that mediate these responses are just now being identified. So far, several potential transcription factors, two kinases and a transceptor have been linked to nitrate regulation (Krouk et al., 2010) . The ANR1 MADS box transcription factor, which is induced by N deprivation, controls lateral root branching in response to nitrate (Zhang and Forde, 1998; Gan et al., 2005) . The NIN-like gene NLP7, encoding a potential bZIP DNA binding protein, was identified through its sequence similarity to the nitrate 6 regulatory gene NIT2 in Chlamydomonas (Camargo et al., 2007) and functions in nitrate induction of several nitrate assimilatory genes (Castaings et al., 2009) . Three members of the Lateral Organ Boundary Domain gene family (LBD37, 38 and 39) were identified as nitrate-inducible genes and shown to be repressors of anthocyanin biosynthetic and nitrate assimilatory genes (Rubin et al., 2009) . Two kinase genes CIPK8 and CIPK23 were identified as nitrate-inducible genes. Mutations in CIPK8 result in reduced gene induction at high but not low nitrate concentrations (Hu et al., 2009) while mutations in CIPK23 increase gene induction at low nitrate concentrations, indicating that these kinases selectively target different phases (i.e. high affinity versus low affinity phases) of the nitrate response.
Interestingly, CIPK23 phosphorylates the nitrate transporter NRT1.1 (CHL1, (Tsay et al., 1993) ), which has been shown to act as a nitrate regulator/sensor (Ho et al., 2009; Wang et al., 2009; Krouk et al., 2010) .
Additional genes have been identified that are involved in overall nitrogen regulation or starvation. A Dof transcription factor improves nitrogen use efficiency at low nitrogen (Yanagisawa et al., 2004) , and the master clock control gene CCA1 regulates organic nitrogen metabolism (Gutierrez et al., 2008) . Microarray analysis of specific cell types in roots uncovered a miRNA (microRNA167 from Arabidopsis) that mediates cell-specific control of root development in response to nitrogen (Gifford et al., 2008) . A genetic screen for mutants impaired in nitrogen starvation responses identified the NLA gene, which encodes a RING-type ubiquitin ligase needed for adaptive responses to N but not P deprivation and for repressing senescence (Peng et al., 2007) .
Even though several transcription factors have been identified, little is known about the cis-acting regulatory elements in nitrate-regulated promoters.
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In early work, several mutant analyses defined minimal nitrate-responsive promoters and identified a 12 bp motif that was conserved among nitrateregulated promoters; however, no sequence with enhancer function, i.e. capable of conferring nitrate regulation to a heterologous promoter such as the 35S minimal promoter, was reported (Lin et al., 1994; Hwang et al., 1997; Dorbe et al., 1998; Sivasankar et al., 1998) One reason for the slow progress in identifying specific elements within nitrate enhancers is that no transient system has been reported in higher plants for rapid testing of nitrate-responsive promoters. Experiments to date have been done with transgenic plants and take months to perform. A transient system would greatly expedite the identification and analysis of nitrate enhancer elements (NEEs). In this paper, we report the development of a transient system to assay nitrate enhancer function. We describe the discovery of a NIA1 enhancer fragment and then apply the transient system to identify elements within the NIA1 enhancer. What we found was a complex of three 8 elements that comprise a cis-regulatory module that mediates nitrate enhancer function.
RESULTS
Identification of a Nitrate Enhancer Fragment in the NIA1 Promoter.
Our search for nitrate enhancer elements began with a screen for enhancer fragments from the nitrate reductase gene NIA1 (At1g77760). Fragments from promoter and transcribed regions of NIA1 were cloned into a vector containing a 35S minimal promoter fused to GUS. Constructs were transformed into Arabidopsis plants using Agrobacterium and tested for nitrate-inducible GUS expression. Transgenic plants were grown for ten days on ammonium succinate as the sole N source then treated with 10 mM KNO 3 for 24 hrs before assaying for GUS activity using histochemical staining. Out of four NIA1 fragments tested, only one (the 1.8 kb NIA1-3 fragment, which is located in the distal promoter region 5' to the start of transcription) showed nitrate enhancer activity ( Supplementary Fig. 1 ). The other fragments showed baseline activity similar to that of the 35S minimal promoter alone. bp) showed nitrate enhancer activity ( Supplementary Fig. 3 and 4A ).
Construction and Analysis of a Strong Nitrate-Inducible Promoter: NRP.
To quantify the nitrate induction levels for each of the positive clones described above, transgenic plants were analyzed using the quantitative GUS assay as described in Materials and Methods. Constructs containing the 9 largest fragment, NIA1-3 (1.8 kb), showed 3.0-fold induction (averaged for three independent transgenic lines) while the NIA1-14 (630 bp) and NIA1-14e (180 bp) fragments showed 2.3-fold and 1.9-fold induction, respectively (Fig. 1) , (data for each independent transgenic line are shown in Supplementary Fig. 5 ). These results showed that reducing the size of the enhancer DNA reduced the level of induction. Efforts to subdivide NIA1-14e into smaller fragments, which included testing overlapping 30 bp fragments in triplicate, were unsuccessful in further localizing the enhancer activity.
In order to continue with our search for specific enhancer elements, a search was made for DNA sequences that could augment the enhancer activity of the 180 bp NIA1 fragment. We tested several fragments near the start of transcription of the Arabidopsis NiR gene because several reports showed that NiR promoter constructs were nitrate inducible in transgenic plants (Wilkinson, 1992; Rastogi et al., 1993; Neininger et al., 1994; Sander et al., 1995; Rastogi et al., 1997; Dorbe et al., 1998) Using the quantitative GUS assay, we found that the NRP-GUS construct showed 14-fold induction, which was much higher than the 1.9-fold induction found for the 180 bp NIA1 fragment alone (Fig. 1) . A nitrate titration was performed with the NRP-GUS construct by analyzing GUS mRNA levels in roots after treating transgenic plants with nitrate at various concentrations for 20 min (Fig. 2 ). Nitrate inductions of 2-fold or more were observed at 100 μM nitrate concentrations or greater, and the dose-response was similar to the nitrate induction observed for the endogenous NIA1 gene.
Another feature of many nitrate-induced genes is feedback repression (Girin et al., 2007) . The NRP construct was tested for ammonium repression by treating transgenic plants with nitrate in the presence or absence of ammonium. Transgenic Arabidopsis plants containing an NRP-YFP construct were grown on ammonium as the sole N source then treated with nitrate for 16 hr at various concentrations of nitrate in the presence or absence of 5 mM ammonium (Fig. 3) . At low nitrate concentrations, the presence of ammonium strongly reduced the amount of NRP-YFP expression (99% inhibition at 0.01 mM nitrate and 74% inhibition at 0.1 mM nitrate). At higher nitrate concentrations, ammonium had much less effect (only 40% inhibition at 1 mM nitrate and 6% inhibition at 10 mM nitrate).
These results show that the enhancer fragments in NFP retain sensitivity to ammonium repression, which is most apparent at low nitrate levels.
Development of a Transient Expression System to Assay Nitrate Enhancers.
To accelerate the identification of enhancer elements, a transient expression system was developed using Agroinfiltration of Nicotiana benthamiana.
This system has been used to study protein expression (Kopertekh and Schiemann, 2005; Joensuu et al., 2010) , gene silencing (Waterhouse and Helliwell, 2003; de Felippes and Weigel, 2010) , and protein-protein interactions (Ohad et al., 2007) . It has also been used for promoter analysis (Yang et al., 2000) . We adapted it for our nitrate-regulated promoters by growing plants on nitrate-free media with ammonium as the sole nitrogen source before Agroinfiltration then irrigating plants with 10 mM KNO 3 to induce gene expression. KNO 3 was replaced with KCl for control plants.
Leaves were assayed for promoter (GUS) activity 3-4 days after infiltration.
When Nicotiana leaves were infiltrated with Agrobacteria containing the vector alone (just the 35S minimal promoter fused to GUS), very low levels of GUS activity were observed in nitrate and chloride-treated leaves ( Figure   4 , Vector). Infiltration with a full-length 35S promoter fused to GUS showed very high, unregulated activity (Fig. 4, 35S ). In contrast, the NRP tripartite promoter, which showed strong nitrate induction in transgenic Arabidopsis plants, also showed strong nitrate induction in the transient system (Fig. 4, NRP) . Thus, the Nicotiana system can be used to assay nitrate-responsive promoters.
Three NEEs Identified in the 180 bp Nitrate Enhancer Fragment.
The search for nitrate enhancer elements in the 180 bp NIA1-14e fragment began with a deletion analysis using the Nicotiana transient expression system. NIA1-14e deletion fragments were tested in the context of the tripartite promoter; that is, they replaced the wildtype 180 bp NIA1 fragment in the NRP-GUS construct. A series of 3' deletions of showed that 71 bp could be deleted with no loss of nitrate induction but that a 105 bp deletion eliminated the response (Fig. 5, 3d1-3d4) . At the 5' end, even the first deletion reduced nitrate induction as follows: deletion of 19 bp (Fig. 5, 5d1 ) reduced induction by 40%; deletion of 43 bp (Fig. 5, 5d2) reduced it by 60%. These results show that the 3' end of NIA1-14e is dispensable and that a 109 bp sub-fragment of NIA1-14e (3d3) is sufficient for full activity.
Next, 4 bp deletions were made at four sites in the 109 bp fragment that correspond to potential regulatory motifs (i.e. predicted transcription factor binding sites based on the AthaMap analysis software (www.athamap.de), NRP-GUS transgenic plants were grown with ammonium as the sole N source, treated with 1 mM KNO 2 (using 1 mM KCl as control) for 30 min, then GUS mRNA levels in roots were measured (Fig. 8) . The NRP-GUS construct showed 16-fold induction by nitrite, which is similar to the level induced by nitrate. Nitrite inductions of modified NRP constructs with either the Alfin1 site or both the HVH21 and Myb-2 sites mutated were reduced 9-fold and 6-fold, respectively. The reconstructed enhancer fragment containing all three sites with a spacer of native length between the HVH21 and Myb-2 sites showed 11-fold induction by nitrite, almost as much as the original NRP promoter. For a control, mRNA levels for the endogenous NiR gene were determined, and they showed similar induction levels in all four sets of transgenics plants. These results show that the NRP construct is strongly induced by nitrite, and the same three enhancer elements needed for nitrate induction are also needed for nitrite induction.
DISCUSSION
Our results identify a 180 bp fragment in the NIA1 promoter that has nitrate enhancer function and locate three cis-regulatory elements within the 180 bp fragment that account for the enhancer activity. These regulatory elements act synergistically to form a cis-regulatory module (as defined in (Supplementary Fig. 9 ).
These regions contain potential nitrate cis-regulatory modules, but further work will be necessary to verify the functionality of these regions. The NRP tripartite promoter described above for our analysis of cisregulatory elements was also used in a genetic screen to identify nitrate regulatory mutants (Wang et al., 2009) . Trans-acting mutants were identified that failed to show induction of the NRP-GUS construct in the presence of nitrate. Two lines were characterized and shown to have mutations at the nrt1.1 and nlp7 loci. NRT1.1 encodes a nitrate transporter (Tsay et al., 1993) and sensor (Remans et al., 2006; Walch-Liu and Forde, 2008; Ho et al., 2009; Wang et al., 2009 ) and NLP7 encodes a transcription factor (Castaings et al., 2009 ). These results show that the NRT1.1 and NLP7 signaling pathway(s) utilize the cis-regulatory elements in NRP to mediate nitrate induction. Our findings also show that these elements mediate ammonium repression and nitrite induction demonstrating that they are multi-functional. First, activity of nitrate-regulated promoters and enhancer fragments is greatly diminished as one reduces the size of the fragments. Second, our general enhancer screens are not identifying fragments that must contain enhancer elements. For example, our initial enhancer screen, using only the 35S minimal promoter, showed enhancer activity for the upstream NIA1-3 fragment but not for the more proximal NIA1-1 fragment, which must contain enhancer elements because it includes DNA shown in previous work to be sufficient for nitrate induction (Lin et al., 1994; Hwang et al., 1997) .
The 35S minimal promoter alone does not appear to be sensitive enough to detect enhancer activity from these proximal regions. The 131 bp NiR fragment used in the NRP constructs provides a possible solution as it greatly increases the sensitivity of the system to the NIA1 upstream nitrate enhancers. If the 131 bp NiR fragment acts similarly for other nitrate enhancers, it will help locate other fragments and elements that the 35S minimal promoter alone would miss.
MATERIALS AND METHODS

Transgenic lines
Transgenic Arabidopsis plants were produced by the floral dip procedure using 4-week-old plants and Agrobacterium tumefaciens cultures containing the appropriate constructs (Bechtold et al., 1993) . Seeds from treated plants were collected and screened for kanamycin resistance.
Growth and Treatment Conditions
For nitrate treatments of Arabidopsis, plants were grown for 10-14 d under 24 hr light on agarose plates with nitrate-free growth media containing 2.5 mM ammonium succinate as described (Wang et al., 2003; Wang et al., 2004) . Seedlings were transferred for 16 to 24 h to fresh growth media with either 10 mM NH 4 NO 3 as the N-source (replacing ammonium succinate) or 10 mM KCl. Seedlings were then collected for GUS assay. Each GUS assay contained 25 seedlings, and was performed in triplicate for each transgenic line.
For the transient system, Nicotiana benthamiana seeds were germinated in soil then seedlings were transferred to perlite at the two to three-leaf stage. Plants were grown for three weeks at 25-27°C with 16 hr light and irrigated with modified hydroponic solution containing ammonium and no nitrate (10 mM KPO 4 , pH 6.5, 2.5 mM (NH 4 ) 2 SO 4 , 2 mM MgSO 4 , 1 mM CaCl 2 , 0.1 mM FeNa 2 EDTA, and micronutrients (50 μmH 3 BO 3 , 12 μm MnSO 4 , 1 μm ZnCl 2 , 1μmCuSO 4 , and 0.2 μm Na 2 MoO 4 )) (Wang et al., 2003) . Plants were infiltrated with Agrobacteria and irrigated with 10 mM KNO 3 or KCl as described below.
Transient expression assays
All the constructs were transformed into Agrobacterium tumefaciens strains C1C58. Individual Agrobacteria colonies, grown for 20 h in 5-ml Luria broth containing 50 μg/ml rifampicin, 25 μg/ml gentamycine, 5 μg/ml tetracycline, were used to inoculate a 50-ml culture (Luria broth, 20 μm acetosyringone, 10mM MES, pH 5.7, 5 μg/ml tetracycline), which was grown for 16-20 h at 28°C (Llave et al., 2000) . Bacteria were pelleted, resuspended in infiltration medium (10 mM MgCl 2 , 10 mM MES, pH 5.7, 150 μM acetosyringone) to an OD 600 of 0.5, then incubated at room temperature for 3 h (Llave et al., 2000) .
After the initial 3 weeks of growth on nitrate-free hydroponic solution, N. benthamiana plants were irrigated with hydroponic solution containing either 10 mM KCl or 10 mM KNO 3 30 min before infiltration.
The third leaf form the top was then infiltrated with Agrobacteria using a 1-ml syringe (without needle) by injecting 0.2 ml of the Agrobacteria solution into leaf. Plants were again irrigated with hydroponic solution containing 10 mM KCl or KNO 3 2-3 days after infiltration, then the third leaf from the top was collected for GUS assays 24 hr after the final irrigation.
Quantitative GUS assays
For transgenic Arabidopsis plants, 25 seedlings were ground in liquid nitrogen, and soluble proteins were extracted with GUS buffer (100 mM KPO 4 , pH 7.8, 2 mM EDTA, 5% glycerol, 2 mM DTT). GUS assays were performed as described (Beaud et al., 2005) . Reactions were initiated by mixing 50 μl of protein extract with 120 μl of 1 mM p-nitrophenyl--Dglucuronide (PNPG) (Sigma-Aldrich). Reactions were incubated at 37°C for 1-4 h (GUS activity stayed linear for up to 16 h) then stopped by adding 800 μl 125 mM Na 2 CO 3 . OD 415 was then measured with a spectrophotometer.
Standard curves were made using p-nitrophenol (0-0.5mM).
For the transient Nicotiana system, leaves were harvested and frozen in -80°C 3-4 days post infiltration. Frozen leaf tissue (0.1 gm) was pulverized then suspended into 1 ml GUS extraction buffer (0.1 M KPO 4 , pHv7.8, 2 mM EDTA, 5% glycerol, 2 mM dithiothreitol). Glucuronidase activity was assayed in a GUS assay buffer (50 mM Na PO 4 , pH 7.0, 10 mM EDTA, 0.1% Triton X-100, 10 mM 2-mercaptoethanol and 1mM pnitrophenyl β -D-glucuronide) as described (Jefferson et al., 1986) .
DNA Constructs
Promoter constructs were introduced into the HindIII and PstI sites of the binary vector pDW294, which contains a CaMV 35S minimal promoter upstream of the coding region for β-glucuronidase as described (Busch et al., 1999) .
Transcription factor binding sites were predicted using AthaMap (www.athamap.de). Sequence of the NIA1-NiR components of the NRP tripartite promoter is provided at Genbank as #GQ374175.
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